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HIGHLIGHTS 


•  A  trade-off  between  the  light  response  of  the  top  and  bottom  cell  is  achieved. 

•  The  light  control  mechanism  was  identified  through  experimentation  and  simulation. 

•  A  finely  textured  Sn02:F  substrate  enhances  short-wavelength  light  coupling. 

•  A  coarsely  textured  ZnO:Al  substrate  improves  long- wavelength  light  scattering. 

•  An  n-type  pc-SiO*  intermediate  reflector  can  improve  the  Jsc  of  the  top  cell. 
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A  simulated  and  experimental  investigation  of  the  trade-off  between  light  trapping  and  current 
matching  in  p-i-n  structured  a-Si:H/pc-Si:H  tandem  solar  cells  is  presented,  which  aims  to  address  the 
limited  short  circuit  current  density  (Jsc)  that  results  from  the  low  long-wavelength  light  scattering  of  the 
fluorine-doped  tin  oxide  (Sn02:F)  substrates  typically  used.  To  this  end,  the  mismatch  of  the  Jsc  between 
the  top  and  bottom  cells  is  reduced  by  utilizing  a  ZnO:Al  substrate  with  optimized  long-wavelength  light 
scattering  properties  as  the  front  contact,  thereby  improving  the  response  of  the  bottom  cell  at  the 
expense  of  the  lower  top  cell’s  Jsc  yet.  A  trade-off  between  the  top  and  bottom  cell’s  light  response  is 
subsequently  found  with  Sn02  or  ZnO:Al  as  a  substrate,  by  introducing  an  n-type  pc-SiOx  intermediate 
reflector  (IR)  between  the  two  component  cells.  An  initial  efficiency  based  on  an  approximate  current 
matching  of  11.90%  is  achieved  for  a-Si:H/jic-Si:H  tandem  solar  cell  by  adopting  a  magnetron-sputtered 
and  texture-etched  ZnO:Al  substrate  and  an  optimized  n-type  pc-SiOx  IR. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Multi-junction  solar  cells,  composed  of  an  a-Si:H  top  cell  and  pc- 
Si:H  bottom  cell,  can  in  principle  utilize  the  spectrum  of  irradiated 
solar  energy  more  effectively  than  traditional  single-junction  thin- 
film  silicon  solar  cells.  However,  improving  the  efficiency  of  tandem 
solar  cells  presents  a  big  challenge  due  to  the  difficulty  in  achieving 
an  ideal  short-circuit  current  density  (Jsc )  matching  between  the 
two  sub-cells.  Since  the  Jsc  of  the  overall  cell  is  determined  by  the 
lesser  of  the  two  sub-cells,  any  mismatch  can  therefore  significantly 
reduce  the  efficiency  of  tandem  solar  cells. 
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Effective  light  trapping  is  an  essential  requirement  for  the 
design  of  thin-film  solar  cells  [1,2],  as  this  can  increase  the  optical 
path  length  of  the  incident  light  and  enhance  the  absorption  of  the 
intrinsic  layer.  This  has  led  to  the  development  of  solar  cells  with  a 
greater  optical  thickness  and  lower  electrical  thickness,  thereby 
mitigating  the  Staebler-Wronski  (SW)  effect  on  the  solar  cell’s 
performance  and  reducing  the  production  cost.  The  relative  success 
in  this  area  has  driven  the  search  for  a  suitable  light  trapping 
structure  to  facilitate  a  matching  of  Jsc  between  two  sub-cells  in  a 
multi-junction  solar  cell.  From  this,  it  has  been  found  that  using  a 
textured  layer  of  a  transparent  conductive  oxide  (TCO)  as  the  front 
contact  can  improve  the  light  trapping  of  the  microcrystalline  sil¬ 
icon  bottom  cell,  as  well  as  reduce  the  required  thickness  of  the 
absorber  layer. 

Currently,  the  most  widespread  TCO  materials  are  tin  oxide 
(Sn02),  indium-tin  oxide  (ITO)  and  zinc  oxide  (ZnO),  all  of  which 
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have  been  well-studied  in  an  effort  to  improve  their  optical  and 
electrical  properties.  The  surface  morphology,  which  can  be  char¬ 
acterized  by  the  root  mean  square  (RMS)  roughness  and  the  cor¬ 
relation  length  (<5rms,  /c),  determines  the  light  scattering  properties. 
The  range  and  intensity  of  the  response  spectrum  can  be  modulated 
by  the  surface  morphology  with  proper  (<Srms,  Jc)- 

The  effect  of  the  SW  effect  on  tandem  solar  cells  can  also  be 
minimized  by  the  use  of  a  thinner  top  cell.  For  increasing  the  Jsc  of 
the  a-Si:H  top  cell  without  compromising  its  stability,  an  IR  can  be 
integrated  to  adjust  the  current  matching  apart  from  varying  the 
thicknesses  of  the  two  absorber  layers  [3-5]. 

In  this  paper,  the  performance  of  a-Si:H/pc-Si:H  tandem  solar 
cells  deposited  on  commercial  Sn02iF  substrates  is  reported  first 
of  all.  In  this,  the  problems  that  are  normally  encountered  with 
Sn02:F  substrates  are  addressed  by  the  introduction  of  an  alter¬ 
native  magnetron-sputtered  and  texture-etched  ZnO:Al  substrate. 
Then  we  conduct  the  surface  morphology  of  the  wet-etched 
ZnO:Al  and  Sn02:F  analysis  and  evaluate  the  light  scattering 
properties  of  the  corresponding  morphology.  Finally,  an  a-Si:H/pc- 
Si:H  tandem  solar  cell  incorporating  both  this  new  substrate  and 
an  IR  between  the  two  component  cells  is  fabricated  and  its  per¬ 
formance  evaluated. 

2.  Experimental 

A-Si:H  absorber  layers  and  n-pc-SiOx:Fi  films  were  deposited  by 
radio  frequency  plasma  enhanced  chemical  vapor  deposition  (RF- 
PECVD);  with  pc-Si:H  layers  being  deposited  by  very  high  fre¬ 
quency  plasma  enhanced  chemical  vapor  deposition  (VHF-PECVD) 
[6,7  .  A  mix  of  H2  and  SiFLi  was  used  as  a  source  gas  for  depositing 
the  intrinsic  layer  of  a-Si:H  and  pc-Si:H,  and  the  substrate  tem¬ 
perature  and  chamber  pressure  were  carefully  controlled  to  ensure 
that  the  experimental  conditions  were  the  same  for  all  samples. 
Magnetron-sputtered  ZnO:Al  substrates  were  etched  for  40  s  in 
0.5%  diluted  hydrochloric  acid  (HC1)  solution  to  produce 
randomly-textured  surfaces.  Tandem  a-Si:H/pc-Si:H  solar  cells 
were  then  fabricated  onto  the  texture-etched  ZnO:Al  substrates, 
and  APCVD-grown  SnC^iF,  under  the  same  condition.  The  result¬ 
ing  cells  had  an  area  of  0.253  cm2,  with  an  a-Si:H  and  pc-Si:H 
absorber  layer  thickness  of  around  280  nm  and  2000  nm, 
respectively. 

The  I—V  characteristics  of  the  samples  from  which  we  ob¬ 
tained  the  Voc  and  the  FF,  were  measured  under  a  1-Sun  (AM 
1.5,  25  °C,  100  mWcnrr2)  using  a  Wacom  WXs-156s-12  dual¬ 
beam  solar  simulator.  This  provided  an  excellent  simulation  of 
the  AM  1.5  spectrum  through  a  calibrated  superposition  of  the 
simulator’s  two  filtered  light  sources.  External  quantum  effi¬ 
ciency  (EQE)  curves  of  these  cells  were  obtained  by  quantum 
efficiency  measurement,  and  used  to  characterize  the  response 
at  different  wavelengths.  The  Jsc  values  were  calculated  from 
EQE  curves  by  integrating  the  response  across  the  entire 
wavelength  range. 

3.  Results  and  discussion 

3.1.  Sn02-based  tandem  solar  cells 

Ideally,  the  front  electrode  of  a  p-i-n  solar  cell  should  have  a 
sheet  resistance  (Rsq)  of  no  more  than  ~  10Q  [8];  while  at  the  same 
time,  its  average  absorption  between  400  and  1100  nm  should  be 
below  ~6-7%  [8  .  An  appropriate  quantitative  measure  of  the 
quality  of  TCOs  can  also  be  characterized  with  the  figure  of  merit, 
which  can  be  acquired  by  the  ratio  of  the  electrical  conductivity  a  to 
the  visible  absorption  coefficient  a  [9] 


=  -{Kslncr  +  i?)}-1 

where  Rs  means  the  sheet  resistance  in  ohms  per  square,  T  the  total 
visible  transmission,  and  R  the  total  visible  reflectance.  Thus  a 
larger  ala  indicates  better  transparency  with  a  lower  resistance  for 
the  transparent  conductor. 

At  present,  Sn02iF  [10]  is  one  kind  of  substrate  that  comes  close 
to  fulfilling  these  requirements  (the  figure  of  merit  a /a  is  about  2.5), 
and  is  not  surprisingly  therefore  the  most  widely  used  in  com¬ 
mercial  solar  cells  11  .  With  this  in  mind,  p-i-n  type  a-Si:H/pc-Si:H 
tandem  solar  cells  were  fabricated,  incorporating  APCVD-grown 
Sn02:F  as  the  front  TCO  film. 

The  EQE  curves  for  this  cell’s  respective  components,  as  well  as 
its  overall  performance,  are  shown  in  Fig.  1.  From  this,  the  Jsc  of  the 
top  cell  is  12.28  mA  cm-2,  whereas  the  bottom  cell  has  a  value  of 
10.93  mA  cirT2.  This  mismatch  between  the  two  subcells  can  be 
seen  to  limit  the  Jsc  of  the  tandem  cell,  which  is  typical  of  a  Sn02 
substrate.  To  reduce  this  mismatch,  there  are  two  methods  that  can 
be  considered:  increasing  the  thickness  of  the  bottom  cell,  though 
this  may  decrease  the  Voc  [12];  or  finding  a  more  efficient  means  of 
light  trapping  for  the  bottom  cell,  which  can  enhance  long- 
wavelength  light  scattering. 

3.2.  Light  trapping  of  microcrystalline  silicon  bottom  cell 

3.2 A.  Surface  morphology  of  APCVD-grown  Sn02:F  and  sputtered 
ZnO:Al 

To  increase  Jsc  of  the  bottom  cell,  a  high-quality  magnetron- 
sputtered  and  texture-etched  ZnO:Al  substrate,  which  is  in-house 
developed  in  our  laboratory  and  shows  the  figure  of  merit  of  5.1, 
was  introduced:  Fig.  2  showing  two-dimensional  (2D)  AFM  images 
and  surface  profiles  of  both  the  ZnO:Al  and  APCVD-grown  Sn02:F 
(Asahi  type  U)  substrates  used. 

It  is  obviously  shown  that  the  surface  morphology  of  the  ZnO:Al 
is  smooth  with  large  periodicity  and  it’s  clear  that  crater-like  fea¬ 
tures  appear  on  the  surfaces  of  ZnO:Al.  In  contrast,  the  surface  of 
Sn02  is  defined  by  sharp  pyramids  with  a  much  finer  texture,  its 
RMS  roughness  (<Srms  =  35  nm)  being  significantly  less  than  that  of 
ZnO:Al  (<5rms  =  164  nm). 

Since  the  RMS  represents  the  average  longitudinal  depth,  it  is 
also  important  to  consider  the  correlation  length  (/c)  of  the  two 
TCOs  which  gives  a  measure  of  the  average  lateral  feature  sizes  of 
the  TCOs  surface  morphology  13]  by  fitting  the  one-dimensional 


Fig.  1.  EQE  curves  of  a-Si:H/[ic-Si:H  tandem  cell  on  a  Sn02  substrate. 
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Fig.  2.  2D  AFM  images  and  surface  profiles  (gray  line)  for  a  10  x  10  pm2  scan  area  of:  (a)  magnetron-sputtered  and  texture-etched  ZnO:Al,  and  (b)  APCVD-grown  Sn02:F. 


auto-correlation  function  (ACFid)  with  the  Gaussian  function.  In 
this  way,  the  lc  of  SnC>2  and  ZnO:Al  were  found  to  be  200  and 
748  nm,  respectively.  Therefore,  the  surface  of  Sn02  is  both  shal¬ 
lower  and  laterally  smaller.  Surface  profiles  are  also  shown  in  Fig.  2, 
in  which  we  can  see  obviously  the  average  feature  size  of  Sn02 
(around  200  nm  lateral,  100  nm  in  height)  is  significantly  smaller 
than  that  of  ZnO:Al  (1500  nm  lateral,  500  nm  in  height). 

Fig.  3  shows  power  spectral  density  (PSD)  profiles  for  the  ZnO:Al 
and  Sn02  substrates,  as  calculated  by  applying  a  Fast  Fourier 
transform  (FFT)  to  the  ACF2D  function  obtained  from  AFM  scans 
[14].  The  PSD  characterizes  the  distribution  of  surface  features  with 
different  lateral  sizes  15].  When  the  lateral  size  of  surface  features 
can  be  comparable  to  the  effective  wavelength  (Aeff  =  Avac/nTCo), 
the  scattering  intensity  of  the  incoming  light  will  be  most  effi¬ 
ciently  [16]. 

Region  I  is  defined  by  the  presence  of  nano-features  with  di¬ 
mensions  of  20-70  nm  (half  the  effective  wavelength  A/(2n))  that 
act  as  an  effective  refractive  index  gradient,  thereby  reducing 
reflection  and  ensuring  that  more  light  is  coupled  into  the  solar  cell 
in  this  interface  [16  .  In  contrast,  Region  II  exhibits  much  greater 
dimensions,  which  are  directly  related  to  its  long-wavelength 
scattering  characteristics.  Hence,  the  larger  PSD  of  Region  I  in 


Fig.  3.  Power  spectral  density  profiles  of  different  TCOs. 


Sn02  indicates  that  its  surface  is  defined  predominantly  by  nano¬ 
scale  features.  Conversely,  the  higher  PSD  of  ZnO:Al  in  Region  II 
confirms  the  much  larger  size  of  its  surface  features. 

3.2.2.  Light  scattering  of  APCVD-grown  Sn02'.F  and  sputtered 
ZnO:Al 

In  order  to  further  understand  the  differences  in  surface 
morphology  and  reflection  identified  in  the  PSD  profiles,  the  haze 
spectrum  was  determined  from  the  total  optical  transmission  Tt(A) 
and  specular  transmission  Ts(A)  of  the  TCOs  and  angular  intensity 
distribution  (AID)  was  calculated.  As  shown  in  Fig.  4,  the  trans¬ 
mittance  of  ZnO:Al  is  substantially  zero  at  wavelengths  of  less  than 
330  nm  (cutoff  wavelength).  The  optical  band  gap  determines  the 
cutoff  wavelength,  and  the  energy  of  light  with  wavelengths  less 
than  330  nm  is  greater  than  ZnO:Al’s  optical  band  gap,  therefore 
the  transmittance  decreases  to  zero.  Consequently,  the  trans¬ 
mittance  of  Sn02:F  at  wavelengths  less  than  390  nm  is  higher,  due 
to  its  larger  optical  band  gap.  Nevertheless,  ZnO:Al  still  has  a  su¬ 
perior  total  transmittance  within  the  more  usable  region  of  the 
visible  light  spectrum,  which  is  comparable  to  that  of  the  ZnO:Al 
fabricated  by  LG  Electronics  Advanced  Research  Institute  (LGE)  on 


Fig.  4.  Total  transmission  of  glass/ZnO:Al,  and  glass/Sn02:F  architectures. 
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which  a  world-record  initial  efficiency  of  16.1%  for  PIN  type  triple 
junction  solar  cells  has  been  achieved  [17  .  Moreover,  the  smaller 
RMS  of  Sn02:F  results  in  an  interference  pattern  exists  in  the 
transmittance  curve. 

To  determine  the  effect  of  the  surface  feature  size  on  light 
scattering,  the  2D  AID  were  calculated  as  a  function  of  the  scat¬ 
tering  angle  (0°-90°)  and  wavelength  (350-1100  nm)  using  a 
simulated  structure  of  air/glass/TCO/air.  This  calculation  was  based 
on  a  scalar  scattering  theory  suitable  for  estimating  the  scattering 
properties  of  nano-textured  interfaces  [18].  By  applying  a  2D 
Fourier  transform  to  GT(x,y)  pupil  function  [18],  which  is  related  to 
the  surface  morphology  z(x,y),  the  materials  n\  and  n2  forming  the 
rough  interface  and  determined  by: 


GT(x,y)  =  y'^exp(/k0z(x,y)(n1  -n2)) 

the  field  in  k-space  Uj(k )  can  be  determined;  thus,  the  angular  in¬ 
tensity  distribution  at  a  certain  angle,  AID($),  can  be  obtained  by 
following  formula  [18]: 

AIDt(0)  =  ^°n.2  '  f  \UT(1<)\2  cos  6  ds 
27T  sin  0  Jc 

At  the  same  time,  the  haze  in  transmission  can  also  be  estimated  by 
Ref.  [18,19] 

^k2+k2<k2n2^  \UT(kx,ky)\2  -\UT(0,0)\2 

HT  (A)  —  - 1 - ^ - 

52k2+k2<k2n2A \lh(kx,  ky) | 

This  calculation  provides  a  precise  determination  of  the  extent 
of  light  scattering  versus  the  scattering  angles  and  wavelengths, 
and  therefore  gives  a  deeper  understanding  of  the  light  scattering 
behavior  after  the  light  penetrates  the  scattering  interface.  The 
refractive  indexes  for  SnC>2  and  ZnO  materials  used  in  this  calcu¬ 
lation  were  obtained  from  literature  values  [20]. 

Fig.  5a  and  b  shows  the  scattering  angles  of  Sn02:F  and  ZnO:Al, 
in  which  it  is  clearly  shown  that  the  scattering  angle  of  ZnO:Al 
concentrates  within  a  small  angle  range  across  the  entire  spectral 
range,  and  with  the  increase  of  wavelength,  the  scattering  angle 
slightly  diverges.  Conversely,  the  scattering  angle  of  Sn02:F  dis¬ 
tributes  wider  and  it  becomes  more  divergent  when  the  wave¬ 
length  increases.  We  therefore  selected  to  compare  the  angular 
intensity  distribution  at  a  fixed  wavelength  of  800  nm,  so  as  to 
provide  an  effective  characterization  of  the  long-wavelength  light 
absorption  of  microcrystalline  silicon  bottom  cells.  As  shown  in 
Fig.  5c,  the  intensity  of  ZnO:Al  in  region  I  is  larger  than  Sn02:F,  but 
smaller  in  Region  II,  an  observation  that  is  supported  by  the  grating 
equation  [21] 

Pn- s\n(dm)  -  m-X 

where  P  is  the  grating  period  of  the  substrate  which  approxi¬ 
mates  the  correlation  length,  n  is  the  refractive  index  of  the 
propagating  media  after  diffraction,  m  denotes  the  diffraction 
order  and  6m  specifies  the  diffraction  angle.  This  demonstrates 
that  for  a  given  period,  the  diffraction  angle  is  directly  propor¬ 
tional  to  the  incident  wavelength;  and  therefore,  any  increase  in 
wavelength  increases  the  diffraction  angle  (as  shown  in 
Fig.  5a, b).  It  also  means  the  larger  grating  period  of  ZnO:Al  that 
was  identified  in  Fig.  2  can  explain  the  more  divergent  scat¬ 
tering  angle  of  Sn02:F  with  increasing  wavelength.  In  addition, 
by  comparing  the  angular  intensity  distribution  at  800  nm  in 
Fig.  5(c),  it  is  apparent  that  the  concentrating  of  the  angular 
intensity  of  ZnO:Al  within  a  small  angular  range  is  due  to  the 
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Fig.  5.  2D  angular  intensity  distribution  of  (a)  Sn02:F  and  (b)  ZnO:Al  as  a  function  of 
wavelengths  and  scattering  angles,  (c)  Angular  intensity  distribution  of  Sn02:F  and 
ZnO:Al  at  a  wavelength  of  800  nm. 


reduction  in  diffraction  angle  0m  with  increasing  period.  It  is 
disadvantageous  to  maximize  the  light  path  in  the  intrinsic 
layer. 

The  haze  value  represents  the  scattering  intensity  of  an  interface 
with  a  certain  morphology.  In  the  simulated  and  measured  haze 
value  of  glass/ZnO:Al  and  glass/Sn02:F  shown  in  Fig.  6,  it  is  obvious 
that  the  haze  of  ZnO:Al  is  much  greater  than  Sn02:F  across  the 
entire  spectral  range,  but  decreases  with  wavelength.  Additionally, 
a  higher  haze  ratio  of  68%  at  a  typical  wavelength  of  850  nm,  which 
is  greater  than  that  of  LGE’s  (48%)  [17  ,  illustrates  our  in-house 
fabricated  ZnO:Al  films’  excellent  optical  properties.  Conse¬ 
quently,  even  though  the  scattering  angle  of  ZnO:Al  is  limited  to 
small  angles,  the  high  haze  indicates  that  more  light  is  scattered; 
thus  there  is  a  degree  of  balance  between  the  diffraction  angle  and 
scattering  intensity. 
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Fig.  6.  Simulated  and  measured  values  for  haze  of  glass/ZnO:Al,  and  glass/Sn02:F 
architectures. 


3.2.3.  Application  in  tandem  solar  cells 

In  order  to  compare  the  effect  of  these  different  substrates  on 
the  light  trapping  ability  of  tandem  solar  cells,  p-i-n  type  a-Si:H/pc- 
Si:H  tandem  solar  cells  were  fabricated  employing  ZnO:Al  and 
Sn02:F  as  the  front  TCO  films  in  the  same  condition.  The  EQE  curves 
were  also  calculated  for  the  two  tandem  solar  cells  with  different 
TCOs  in  order  to  illustrate  the  effect  of  the  surface  feature  sizes  on 
the  light  absorption  of  a-Si:H/pc-Si:H  tandem  solar  cell. 

Fig.  7  shows  a  schematic  diagram  of  the  a-Si:H/pc-Si:H  tandem 
solar  cells  that  were  deposited  on  SnC>2  and  ZnO:Al  substrates.  A 
subsequent  EQE  simulation  evaluated  the  contribution  of  doped 
layers,  such  as  p  and  n  layers  of  the  sub-cells  and  back  reflectors.  For 
both  materials,  the  physical  properties  and  thickness  were  kept  at 
the  same  values  for  all  layers,  except  for  the  lateral  and  vertical 
feature  size  of  substrates.  As  shown  in  Fig.  7,  even  though  the  real 
surface  profiles  exhibited  quite  random  characteristics,  the  simu¬ 
lation  was  based  on  a  simplified  surface  with  2D  triangular  textures 
with  a  fixed  width  and  height  based  on  the  real  features  shown  in 
Fig.  2.  For  instance,  a  triangular  unit  with  a  width  of  200  nm  and 
height  of  35  nm  was  adopted  to  simulate  the  surface  morphology  of 


Fig.  7.  Schematic  diagram  of  a-Si:H/(ac-Si:H  tandem  solar  cells  on  Sn02:F  and  ZnO:Al 
substrates. 


the  Sn02  substrate  and  a  width  of  748  nm  and  height  of  160  nm 
were  used  for  the  ZnO:Al  substrate.  An  analysis  of  these  layers  by  an 
FDTD  program  [16,22  was  used  to  determine  their  wave  propa¬ 
gation  and  absorption  properties;  polarization  of  the  input  wave 
being  assumed  to  be  TE  wave. 

Based  on  the  calculated  electric  field  distribution  £(x,z)  in  the  a- 
Si:H  and  pc-Si:H  intrinsic  layers  from  the  FDTD  program,  the 
external  quantum  efficiency  EQE  can  be  obtained  using  the 
following  formula  [16: 

EQE  =  — f  }-C£0na\E(x,z)\2dx  dz 

*  inp  J  ^ 

where  Pinp  is  the  total  power  incident  on  the  triangular  unit  cell 
(1  W  in  this  instance),  c  is  the  speed  of  light  in  a  vacuum,  ro  is  the 
free  space  permittivity,  n  is  the  refractive  index  at  a  given  point 
(x,z),  and  a  is  the  absorption  coefficient. 

Fig.  8  shows  the  measured  and  simulated  EQEs  of  the  two  cells, 
with  the  derived  Jsc  values  presented  in  fable  1.  As  shown  in  Fig.  8a, 
the  combination  of  magnetron-sputtered  and  texture-etched 
ZnO:Al  evidently  enhances  the  long- wavelength  response,  albeit 
at  the  expense  of  its  short-wavelength  response.  As  shown  in 
Table  1,  the  Jsc  for  the  experimentally  measured  cell  based  on 
ZnO:Al  is  11.25  and  13.89  mA  cnrT2  in  the  top  and  bottom  cells, 
respectively.  However,  for  the  cell  based  on  a  Sn02:F  substrate,  the 
Jsc  of  the  top  cell  was  12.46  mA  cm-2,  whereas  the  bottom  was  only 
10.61  mA  cm-2.  Thus,  as  was  discussed  in  Section  3.2.2,  a  balance 
exists  between  the  diffraction  angle  and  scattering  intensity  that 
allows  ZnO:Al  to  scatter  more  light  despite  being  concentrated 
within  a  small  angular  range;  its  high  haze  playing  a  key  role  in 
improving  its  long  wavelength  response. 

The  higher  Jsc  of  the  top  cell  on  Sn02:F  results  from  the  nano¬ 
features  of  its  surface,  which  acts  as  an  effective  refractive  index 
gradient  that  reduces  reflection  and  increases  the  short- 
wavelength  light  coupling.  As  shown  in  Fig.  8b,  the  simulated 
EQE  shows  a  similar  trend;  and  since  the  size  of  lateral  and  vertical 
features  of  the  substrates  was  the  only  variable  in  this,  the  variation 
in  the  EQE  curves  between  ZnO:Al  and  Sn02:F  clearly  shows  the 
result  of  the  differences  in  their  surface  feature  size.  That  is,  the 
long-wavelength  response  of  ZnO:Al  is  attributable  to  its  micro¬ 
features,  whereas  the  higher  short-wavelength  response  of 
Sn02:F  comes  from  its  nano-features.  From  the  total  EQE  curves 
plotted  in  Fig.  8c  we  also  can  see  that  the  response  of  ZnO:  Al  be¬ 
tween  750  and  1100  nm  is  higher  than  that  of  Sn02:F,  and  slightly 
reduced  in  the  short  wavelength  region.  However,  the  total  current 
density  of  ZnO:Al  increases  significantly  in  comparison  to  Sn02:F, 
both  in  experiments  and  simulations  (  'able  1 ).  Indeed,  it  has  been 
shown  that  ZnO:Al  performs  particularly  well  in  pc-Si:  H  single 
junction  cells  [23]. 

3.3.  Light  trapping  of  the  amorphous  silicon  top  cell 

As  shown  in  the  previous  discussion,  although  ZnO:Al  sub¬ 
strate  can  improve  the  long-wavelength  spectral  response 
effectively,  this  comes  at  the  expense  of  the  Jsc  of  the  top  cell. 
Consequently,  there  is  a  need  to  develop  a  suitable  photon 
management  strategy  to  increase  the  absorption  in  the  a-Si:H 
top  cell.  The  most  promising  approach  is  the  incorporation  of 
randomly-textured  surfaces  with  a  small  feature  size  [15].  In 
addition,  the  incorporation  of  an  efficient  IR  between  the  top  a- 
Si:H  and  bottom  pc-Si:H  cell  is  an  effective  means  of  trapping 
more  light.  Such  a  reflector  should  have  both  a  low  refractive 
index  and  high  transmittance,  so  that  it  can  effectively  reflect 
the  shorter  wavelength  portion  of  the  top  cell  while  simulta¬ 
neously  transmit  longer  wavelength  to  the  bottom  cell  [24  . 
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Fig.  8.  (a)  Experimentally  measured,  (b)  simulated  EQE  (c)  and  total  EQE  of  an  a-Si:H / 
pc-Si:H  tandem  cell  on  ZnO:Al  and  Sn02:F  substrates.  Corresponding  Jscs  of  the  top  and 
bottom  cell,  as  calculated  from  the  EQE  in  (a),  are  listed  in  Table  1. 


Table  1 

The  short  circuit  current  density  of  experimentally  measured  and  simulated  cells 
that  based  on  different  TCOs(AZO  and  Sn02). 


Cell  type 

Jsc  toP(mA  cm  2) 

Jsc  bot(mA  cm  2) 

Jscsum(mA  cm  2) 

Measured 

Sn02 

12.46 

10.61 

23.07 

ZnO 

11.25 

13.89 

25.14 

Simulated 

Sn02 

11.73 

6.71 

18.44 

ZnO 

10.71 

11.57 

22.28 

Wavelength  (nm) 

Fig.  9.  Experimentally  measured  EQ.Es  of  an  a-Si:H/pc-Si:H  tandem  cell  configuration, 
with  and  without  pc-SiO*:H. 


Traditionally,  this  is  achieved  by  transparent  conducting  oxides 
(TCOs)  such  as  doped  ZnO  [25,26]  or  n-type  silicon  oxide  (SiOx) 
materials  [27-31].  Doped  ZnO,  however,  tends  to  form  an  un¬ 
intended  lateral  shunt  at  the  back  reflecting  metal  layer  on  ac¬ 
count  of  its  high  conductivity.  Another  drawback  of  using  TCO- 
based  IR  layer  is  that  their  deposition  and  patterning  require 
discontinuous  steps  undertaken  outside  the  process  chamber 
during  the  plasma-enhanced  chemical  vapor  deposition  (PECVD) 
of  the  top  and  bottom  cell  layers,  whereas  SiOx  can  be  grown 
directly  by  PECVD  [32-34].  Another  significant  advantage  of  SiOx 
is  that  its  refractive  index  and  conductivity  can  be  conveniently 
adjusted  by  altering  the  gas  flow  ratios  of  C02/SiH4  and  PH3/SiH4 
[35]. 

Fig.  9  shows  the  EQE  of  solar  cells  with  and  without  a  pc-SiOx:H 
reflector,  which  clearly  demonstrates  the  considerable  transfer  of 
absorbed  light  from  the  bottom  cell  to  the  top  cell  that  this  reflector 
creates  in  the  spectral  range  between  480  and  720  nm  [36  .  The 
amount  of  current  transferred  in  this  instance  corresponds  to 
1.1  mA  cm-2,  resulting  in  an  increase  in  Jsc  from  8.45  and 
15.72  mA  cm-2  to  9.53  and  14.92  mA  cm-2  for  the  top  and  bottom 
cells,  respectively.  The  improvement  in  response  evident  in  the 
spectrum  region  between  720  and  900  nm  when  an  n-type  pc- 
SiOx:H  reflector  is  inserted  is  attributed  to  a  reduction  in  parasitic 
optical  losses. 

The  Jsc  for  the  tandem  cells  shown  in  able  2  demonstrates  that 
by  incorporating  a  pc-SiOx:H  reflector,  the  spectral  responses  of 
both  subcells  are  adjusted  for  the  current  matching,  the  spectrum 
obtains  a  better  distribution  and  the  absorption  is  enhanced. 

In  conclusion,  the  incorporation  of  IR  can  reflect  the  visible  light 
back  into  the  top  cell  and  transmit  of  the  incoming  infrared  light  to 
the  bottom  cell.  The  Jsc  gain  of  the  top  cell  can  be  strongly  enhanced 
with  an  IR,  which  reflects,  but  also  scatters  the  light  into  the  top 
cell.  Although  a  fraction  of  the  infrared  light  response  of  the  bottom 
cell  is  sacrificed,  the  visible  light  response  of  the  top  cell  is 


Table  2 

The  short  circuit  current  density  of  experimentally  measured  a-Si:H/pc-Si:H 
micromorph  tandem  cell  configuration  with  pc-SiO*:  H. 

Cell  type  Jsc  top(mA  cm'2)  Jsc  bot(mA  cm'2)  ysc  sum(rnA  cm'2) 

n  type  pc-Si:H  8.45  15.72  24.17 

n  type  pc-SiO*:H  9.53  14.92  24.45 
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Fig.  10.  (a)  J—V  characteristics  and  (b)  EQE  of  an  optimized  a-Si:H/pc-Si:H  tandem  solar 
cell. 


improved  with  the  IR  and  optimized  matching  conditions  for  a 
tandem  cell  structure  are  found. 

3.4.  The  optimized  amorphous  silicon/ micro  crystalline  silicon 
tandem  cell 

From  the  previous  analysis,  we  have  seen  that  the  electrical 
characteristics  and  light  trapping  properties  of  a  front  electrode 
have  a  great  impact  on  the  overall  performance  of  a  solar  cell.  Thus, 
by  further  optimizing  the  surface  morphology  and  adjusting  of  the 
deposition  process,  an  efficiency  of  up  to  11.90%  (Voc  =  1.35  V, 
Jsc  =  13.52  mA  cm”2,  FF  =  65.22%)  was  obtained  for  an  amorphous 
silicon/microcrystalline  silicon  tandem  cell  as  shown  in  Fig.  10. 


4.  Conclusions 

This  study  has  demonstrated  that  the  conversion  efficiency  of 
amorphous/microcrystalline  silicon  tandem  solar  cells  can  be 
improved  by  varying  the  light  trapping  strategies  of  the  top  and  the 
bottom  cells.  The  use  of  magnetron-sputtered  and  texture-etched 
ZnO:Al  as  a  front  TCO  was  found  to  improve  the  response  of  the 
bottom  cell  and  total  current  density  dramatically,  but  also  reduce 
the  Jsc  of  the  top  cell  in  comparison  to  S11O2.  To  mitigate  this  effect 
and  produce  better  current  matching,  an  intermediate  reflector  (n- 
SiOx:  H)  was  inserted  between  the  cells  and  was  demonstrated  to 
dramatically  improve  the  top  cell’s  Jsc. 
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